The effect of solvent on the elongation of gold nanowires has been further studied through molecular simulations. For a simple Lennard-Jones solvent (propane), which is a non-bonded solvent, extensive molecular dynamics (MD) runs demonstrated that below the melting point of gold nanowires, the solvent effect on the elongation properties of Au nanowires is minimal. In thiol organic liquid, such as in benzenedithiol (BDT), the situation is much more complicated due to the Au-BDT chemical bonding. Here, we present the initial adsorption structure of BDT on a stretched gold nanowire through grand canonical Monte Carlo (GCMC) simulations. A recently developed force field for the BDT-Au chemical bonding was implemented in the simulations. We found that the packing density of the bonded BDT on the surface of Au nanowire is larger than that on an extended Au(111) surface. The results from this work are helpful in understanding the underlying mechanism of the formation of Au-BDT-Au junctions implemented in molecular conductance measurements.
Introduction
Theoretical studies on the dynamic elongation process of nanowires have typically been conducted in vacuum. There are extensive simulation studies devoted to the investigation of the quantized conductance properties by density functional theory (DFT) calculations [1] [2] [3] [4] , but usually the impact of the local environment, such as solvent effects, on the formation of the junctions is neglected. Csonka et al [1] investigated the interaction of physically adsorbed molecular hydrogen with a breaking gold nanowire. Li et al [2] demonstrated that the weak adsorption of organic molecules (2,2 -bipyridine or adenine) on a copper nanowire resulted in changes in conductance. Many experimental measurements of conductance for the metal-molecule-metal junctions were performed in a solvent where the junctions were fabricated through mechanical stretching of nanowires [5] [6] [7] [8] . Therefore, it is desirable to study the solvent effects on the elongation 3 Authors to whom any correspondence should be addressed.
properties of nanowires in order to understand better the electronic properties of these conjunctions.
We first investigate the dynamic elongation behavior of an Au nanowire immersed in a simple non-polar solvent (or a non-bonded solvent for the gold), propane (C 3 H 8 ). The purpose of this study is to understand to what extent the thermal collisions of non-bonded particles will influence the mechanical elongation property of Au nanowires. Propane is chosen because at 300 K and sufficiently high density (pressure) it exists as a liquid. We performed molecular dynamics (MD) simulations at temperatures of 300, 400 and 500 K, respectively. The results revealed that when the temperature is well below the melting point of gold nanowires, there is essentially no effect of propane solvent on the elongation behavior of Au nanowires.
Stretching a gold nanowire in a bonded organic liquid such as benzenedithiol (BDT) is much more complicated due to the chemical bonding between gold atoms and S atoms in BDT. As an initial investigation, we have performed grand canonical Monte Carlo (GCMC) simulations to study the adsorption structure of (BDT) molecules on a gold nanowire before pulling the wire. In the pioneering work by Reed et al [5] on the single-molecule current-voltage (as well as conductance) measurements, the gold wire was pulled apart in a tetrahydrofuran (THF) solvent containing BDT molecules. The self-assembly of BDT on an Au wire is the key component in building metal-molecule-metal junctions. Many experimental measurements have shown that the microscopic contact geometry at the BDT-Au interface has a dramatic influence on the conductance [9, 10] . Therefore, it is valuable to give insights into the local bonding structures of BDTs on Au nanowires via classical molecular simulations. Here, we present our recent GCMC simulation results regarding this fundamental issue. Subsequent pulling of gold nanowires in BDT is still under investigation, which will need a more sophisticated simulation approach to be developed. These investigations can be used as input for further transport calculations.
Simulation method

Molecular models for Au and propane
The interactions between gold atoms are modeled by the second-moment approximation of the tight-binding (TB-SMA) [11] potential, as described in our previous paper [12] . The non-polar solvent molecule, propane, is a three-carbon alkane which has a critical pressure and a critical temperature of 42.5 bar and 370 K, respectively. We approximate this short chain molecule by a spherical Lennard-Jones (LJ) particle. Interactions between solvent molecules and between gold atoms and propane molecules are described by the 12-6 LJ potential, i.e. for a pair of interacting sites i and j , the pair potential is given by
The cross interaction potential parameters ε i j and σ i j are calculated based on the Lorentz-Berthelot combining rules if the interacting sites i and j are from different species. The LJ parameters for the gold atoms are derived from the universal force field (UFF) [13] , whereas those for the LJ propane are calculated according to the corresponding state theory [14] so that the LJ fluid has the same critical temperature and pressure/density as propane. These LJ parameters are summarized in table 1.
Simulation of elongation of gold nanowires in vacuum and in propane solvent
We have performed MD simulations for the elongation of an Au nanowire along the [001] direction both in vacuum and in solvent at various temperatures. The nanowire includes 16 gold layers, with each layer containing 16 Au atoms. The total number of gold atoms is 256 (see figure 1(a)). Two layers at both ends are kept fixed. The atoms between these two blocks are dynamic. Similar to our previous work [12] , elongation of the nanowire is realized by moving the top rigid layers along the z direction in increments of 0.1Å, followed by 5000 time step relaxations, with a time step of 2 fs. This corresponds to an elongation rate of 1.0 m s −1 . We found that this relaxation time is sufficient for a quasistatic stretching of gold nanowires either in vacuum or in propane solvent. The equations of motion are integrated via the velocity Verlet algorithm and the temperature is controlled by the Nosé-Hoover thermostat [15] [16] [17] . Periodic boundary conditions (PBC) are applied in three dimensions. However, in simulating the elongation of the nanowire in vacuum, adding or removing PBC has no effect on the simulation results, so long as the simulation box lengths are sufficiently large. Figure 1(b) shows the equilibrium structure of 1298 propane molecules surrounding a gold nanowire. Unlike the slightly relaxed structure of a 256-Au nanowire at T = 0.01 K [12] , the relaxed crystal structures of a 256-Au wire in vacuum and in solvent at 300 K show significant reconstructions, accompanied by the formation of dislocations (see figure 1) . For the simulation of a 256-Au wire in propane solvent, we initially performed the constant temperature and constant pressure (NPT ensemble) MD run for pure propane (containing 1372 propane molecules) under its critical pressure (42.5 bar) but at 300 K, which is below its critical temperature (370 K). The final equilibrium volume of the simulation box is 6.1 × 2.6 × 13 nm 3 , corresponding to a density of 0.47 g cm −3 . This value is consistent with other MD simulation and experimental results [18] . The 256-Au wire was then put into the center of the simulation box. All the overlapping propane molecules were removed from the simulation box. This treatment will slightly change the system pressure. However, we will show later that the effect of pressure variation on the elongation process is negligible compared with that due to temperature variations.
Self-assembly of 1,4-benzenedithiol molecules on Au nanowire
We have further studied the equilibrium adsorption structure of BDT molecules on a gold nanowire that is completely immersed in BDT bulk liquid. A detailed description of GCMC (μVT ensemble) and canonical (NVT) MC simulation approaches is given in our previous paper [19] . In this study, a relatively large Au(001) nanowire consisting of 3254 gold atoms was initially allowed to relax for at least 200 ps prior to GCMC insertion of BDT molecules. The GCMC approach involves the insertion and deletion of BDT molecules for a given chemical potential, as well as the translation and rotation of rigid BDT molecules according to a set of given probabilities [19] . Both GCMC and NVT MC simulations are carried out at 298 K. The simulation box lengths in three dimensions are 6.0, 6.0, and 6.5 nm, respectively, with periodic boundary conditions applied in these three directions. After a prolonged GCMC run (over ten million moves), a densely packed BDT monolayer chemically bonded on Au nanowire was obtained, surrounded by non-bonded bulk BDT molecules. We find that in this dense liquid phase the number of bonded BDT molecules on Au nanowire and the bulk density of nonbonded BDT are quite independent of the chemical potential μ given a priori. Obviously, this is largely due to the predominant role of the total internal potential energy over the chemical potential μ for very dense liquids. 
Results and discussion
The effect of propane solvent on the ductile elongation of an Au nanowire at various temperatures
We investigate the effect of propane solvent on the elongation properties of a 256-atom Au(001) nanowire at different temperatures and compare the average ductile elongations with those in vacuum. Figure 2 shows two snapshots of the elongated nanowires in vacuum and in propane solvent before break-up at 300 K. In this specific case, it is seen that the break junctions in vacuum and in solvent occur at different locations.
Since the break-junction phenomenon is largely stochastic in nature, we therefore performed 30 independent MD runs of elongation in vacuum and another 30 runs in propane solvent for comparison. Table 2 summarizes the calculated average ductile elongations, together with the standard deviations at different temperatures. It is interesting to note that, for the gold nanowires in vacuum or in propane solvent, the ductile elongation decreases as the temperature increases. Further, the average ductile elongations of gold nanowires in vacuum and in solvent are almost the same at temperatures of 300 and 400 K. It should be noted that at 400 K, the corresponding pressure of liquid propane is increased to 500 bar [18] . This indicates that, comparing with T = 300 K at which the critical pressure is 42.5 bar, the one order of magnitude increase in pressure has virtually no impact on the elongation of the nanowire. The solvent effect becomes significant only at a temperature of 500 K (the corresponding pressure is ∼1000 bar) [18] . The average ductile elongation of Au nanowire in propane solvent is 12.4 ± 2.8Å, which is less than that of gold nanowire in vacuum (15.8 ± 3.1Å).
It is valuable to investigate further why the solvent has an effect only at relatively high temperature (500 K). To understand this phenomenon, we plot the caloric curve, the variation of the total energy of the 256-Au nanowire versus temperature, and the diffusion coefficient of gold atoms as a function of temperature, as shown in figure 3 . Evidently, there is a linear increase regime for the total energy of gold nanowire and the diffusion constant of gold atoms at relatively low temperature, corresponding to a crystal structure of the Au cluster. The abrupt jumps in both quantities at about 550 K signify that the melting point (T m ) of the gold cluster is around this value, which is consistent with several previous studies [20] [21] [22] . This melting point of a finite gold cluster is much lower than the bulk value. These results indicate that the solvent effect on the elongation of Au nanowire becomes significant only when the temperature approaches the melting point. 
Adsorption structure of BDT on an Au nanowire
The force field parameters for the BDT-Au bonded and nonbonded interactions were derived from our previous work [23] . These parameters have been further refined recently based on the calibrations for different BDT-nAu complexes [24] . It has been shown that the Au bridge site is the most stable adsorption site for the S-Au chemical bonding [25, 26] . Thus, we model the bonded interactions between the bonded S atom in BDT and the nearest two Au atoms by a strong Morse potential. The related parameters are listed in table 3, which correspond to the averaged values of those derived from three different DFT functionals for the BDT-3Au bridge-bonding cluster [24] . Interactions between atoms in BDT and other non-bonded gold atoms are modeled by the Lennard-Jones potentials, as implemented in UFF [13] . Figure 4 shows the final adsorption configuration of BDT on a gold nanowire after 3 × 10 7 GCMC moves followed by equilibration of another 5 × 10 6 NVT MC moves at 298 K. The total number of BDT molecules in the simulation box is 824, corresponding to a density of 1.04 g cm −3 , which is slightly lower than the BDT bulk value at 298 K (1.2 g cm −3 ). The total number of chemically bonded BDT molecules on Au nanowire is 314, as shown in figure 5 .
To investigate the local bonding geometries, we plot S-Au and S-S distance distributions in figures 6 and 7, respectively. Figure 6 clearly shows the first S-Au peak at 2.5Å, corresponding to the S-Au on-bridge bonding, as indicated in previous studies [23, 24] . The second S-Au peak at 3.2Å corresponds to the non-bonded gold atoms, which are the second-nearest gold atoms to the S bonded atoms. Closer examination reveals that these non-bonded gold atoms are all surface atoms. Interestingly, figure 7 shows that the first S-S peak occurs at about 4.2Å. This S-S distance is much less than the 5.0Å, the distance between sulfur head groups commonly observed in experiments for benzenethiol (BD) [27] or other alkanethiol molecules [28] [29] [30] adsorbed on extended Au(111) surfaces, as well as in our recent theoretical studies (though the S-S distance distribution was not specifically calibrated) [19, 23] . This is most likely due to the curved surface of gold nanowires that favors BDT molecules forming more densely packing structures.
Conclusions
The present MD simulation studies explored two issues related to gold nanowires. The first concerns solvent effects on the elongation properties of gold nanowires. A simple LennardJones spherical model for propane has been used to represent the solvent molecules. Simulation results demonstrated that the solvent effect is minimal if the temperature is below the melting point of gold nanowire.
The second part of this paper is related to the selfassembly of BDT molecules on an Au nanowire when it is immersed a bulk BDT liquid. The force-field parameters that we developed for the BDT-Au chemical bonding have been implemented in GCMC simulations. The local bonding geometry of BDT-Au obtained in this work is consistent with previous studies, i.e. the Au-S bond length is around 2.5Å. We find that the packing density of bonded BDT on the surface of Au nanowire is larger than that on an extended Au(111) surface, evidently due to the curved surface of gold nanowire. Molecular simulations of dynamic stretching of gold nanowires in BDT and the mechanisms of the formation of metal-molecule-metal junctions are still under investigation, and will be reported in subsequent publications.
